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ABSTRACT 

The permanent magnet alternator as a source of power 
has been impractical until comparatively recent times. The 
advent of powerful new magnetic materials similar to the 
"Alnico” types has made such machines more practical, and 
has caused renewed interest in their development and use . 

One serious limitation of a permanent magnet alternator 
is the lack of control over the output voltage. If voltage 
control by means of a simple electrical msans could be 
developed, the usefulness of the machine would be vastly 
increased. The purpose of the present investigation is 
tvofold: (1) to analyse the magnetic circuit in a permanent 

magnet alternator when the stator becomes saturated from an 
Independent source of magnetomotive force, and (2) to devise 
a moans of voltage control for this type of machine . 

If the stator of an alternator is visualised as a toroid 
and a continuous winding of many turns is wound thereon. It 
is possible to induce within the toroid, a continuous uni- 
directional flux by means of a direct current in the winding. 
When a permanent magnet rotor Is inserted in the stator, it 
also tends to send flux lines through the iron of the stator. 
However, in portions of the stator the flux from these two 
separate sources tend to flow In the same direction and in 
portions they tend to oppose. Analysis of the magnetic 
circuit under these conditions shows that the air gap flux 
Is reduced because of the overall increase in the reluctance 
of the flux paths facing the permanent magnet. At constant 
speed, the voltage is proportional to the flux in the air 
gap and hence if the air gap flux can be controlled the output 
voltage can be controlled by toroidal saturation. Furthermore 
the analysis and experimental verification ahov that the 
percent of voltage control by means of magnetic saturation 
may be Increased by building into the machine additional 
leakage paths for the flux, although the magnitude of the 
voltage output is thereby reduced. The saturation of the 
stator appears to have no serious effects upon the waveform 
of a properly designed machine, or on machine heating. 
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The power expended to achieve voltage control by this 
method is nominal within limits, although by no means 
compares with the control afforded by the wound-rotor type 
installation. The machine tested was found to maintain 
constant voltage for a variable load of from 190 to 21 watts 
(or variation of 89 #) with an expenditure of direct current 
power In the control winding of 23.7 vatta, or 11.9$ of the 
initial ac output power. Furthermore, the power expended for 
control in this device la greatest when the load power is 
least, making an automatic voltage regulation system using a 
feedback loop practical. 

Two practical methods of designing more efficient control 
systems based on the principle of toroidal saturation are 
(1) develop permanent magnet materials with a higher 
incremental permeability (the slope of the "recovery line"), 
and (2) design the alternator with the maximum leakage 
possible consistent with the magnitude of the voltage output 
required . 

The theoretical analysis of the magnetic circuitry is 
supported by the experimental results to within the accuracy 
of the various assumptions . 
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I . IKTR ODUCTIOH 



A permanent magnet alternator is a synchronous 
generator vfaieh has a permanent magnet for Its source of 
magnetomotive force instead of the wound rotor electromagnet 
used in the conventional alternators * As recently as 1940, 
permanent magnet generators vere impractical because 
suitable magnetic materials vere not available . With the 
advent of magnets which can better withstand the effects of 
temperature, demagnetising fields, and vibration, the 
permanent magnet alternator is now being used in applications 
vhere a compact source of small amounts of power is required. 

Permanent magnet alternators have an Inherent 
disadvantage compared to machines excited by direct-current. 
Because the flux from the permanent magnet is an intrinsic 
quantity, there is no direct way to maintain a constant 
terminal voltage under varying conditions of loading and 
speed . 

Although the characteristics of the permanent magnet 
cannot be altered, it is possible to regulate the output 
voltage of a permanent magnet alternator by establishing 
control over the circuit traversed by the linos of magnetic 
flux from the permanent magnet , 

The magnetic circuit between each pair of poles of a 
permanent magnet rotor consists of two air gaps and a path 
in the iron of the stator, all in series . Control of this 
magnetic circuit can be obtained by either controlling the 
length of the air gapa or the reluctance of the path in the 
stator iron. 
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In a rotary device such as an alternator, fcho mechanical 
system necessary for adjusting the air gap length would be 
complex, and, in the case of a permanent magnet alternator, 
vould nullify it* chief advantage of simplicity. 

The alternative method, which consists of controlling 
the reluctance of the stator iron, is more feasible because 
auch control can be obtained by purely electrical means. If 
a coil of toroidal form were wound around the hollow 
cylindrical form of the a tat or, and a direct current were 
introduced in this coil, the stator Iron would readily be 
saturated. The effect of saturating the stator iron on the 
reluctance of the magnetic circuit Is not immediately apparent 
because the flux from the rotor travels in both clockwise and 
counter-clockwise directions in the stator between adjacent 
pole faces, whereas the saturation caused by the toroidal 
winding on the stator Is due to flux traveling in but one 
direction in the stator. 

Tiiia investigation consists of analysis and expo rime ntal 
verification of the results obtained by toroidal saturation 
of the stator iron of a permanent magnet alternator. The 
method of analysis and general results are applicable to 
all permanent magnet machines, but In order to show to what 
extent the output voltage can be controlled at various loads 
and speeds, experimental data for the particular alternator 
tested vaa used. 

Ti e alternator upon which the analysis and experimental 
verification were performed is shown in Fig. I. This 
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alternator Is a four-pole, three-phase, Y~ connected machine. 
Its normal speed Is 12,000 RFM corresponding to a frequency 
of 400 cycles per second. The permanent magnet rotor is of 
ALNIC0 VI . Two stators, one of U5S Electrical Grade Steel, 
and one of HXPEKJtIK, were vound and tested. The stators 
had shallow slots milled In the outer periphery, one slot 
opposite each of the eighteen inner slots to admit the 
toroidal winding, allowing clearance for the stator to he 
Inserted in the housing. The toroidal winding lies in the 
bottom of the main slots, and the generator windings are 
placed over the toroidal windings. 

Experimental data was obtained from the natch in* under 
various conditions of saturation, loading, and speed in 
order to determine the effects of toroidal saturation upon 
the output voltage . 
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II * PROCEDURE 



The procedure followed has been divided Into two 
separate, but mutually supporting techniques. The first 
consists of an analytical solution derived from a 
consideration of magnetic circuit theory as applied to the 
peculiar magnetic circuit Involved. The second procedure 
consists of experimental determinations of the behavior of 
a permanent magnet alternator when subjected to the 
specified conditions of magnetic saturation. 

A. Analytical Procedure 

The procedure used to solve the problem of the effect 
of saturation in the stator iron on the air-gap flux of the 
permanent magnet In a permanent magnet alternator is 
graphical in nature. The solution consists of solving tvo 
simultaneous equations in which the graphical representation 
of the flux versus magnetomotive characteristic of the 
permanent magnet provides one equation, and the flux versus 
amtf characteristic of the air gaps and stator iron in the 
magnetic circuit seen by the permanent magnet provides a 
second equation. The magnetising force and flux of the 
permanent magnet must equal the mmf drop and the flux in the 
external circuit Including leakage flux. For the following 
analysis, hysteresis Is neglected so that flux versus tnrnf 
characteristics may be represented by single lines. 
Determination of Rotor Characteristic 

The character is tics of permanent magnets are 
represented by a demagnetisation curve which is the second 
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quadrant of the material’s hysteresis loop between B r , the 

retentivity, and. H , the coercive force as shown In Fig. II- 

c 

The point B r represents the flux density of the magnet vhen 
It is magnetically short-circuited; when the magnet is 
subjected to a demagnetizing force such as an air-gap line 
Oa, the point representing the operating condition moves 
along the demagnetisation curve from B r to point a* and B a 
ia the flux density In the air gap. If the air gap is 
increased in length until the air-gap 11m becomes Ob, the 
operating point will move down the ^magnetization curve from 
a to b, and the resulting flux density will then be B fe . If 
the gap is decreased, the operating point will not return 
along the demagnetization curve, but will travel along a 
minor hysteresis loop such as bd. For example, if the air- 
gap line is again Oa, the operating point will become point d, 
and the flux density becomes Bg. £l] 

In order to determine the characteristics of the 
permanent magnet rotor. It Is necessary to determine the 
slope of the minor hysteresis loop, otherwise known as the 
"recovery line'’, and the position on the demagnetization 
curve where the recovery line originates . The origin of 
the recovery line does not necessarily represent the point 
on the demagnetization curve where the magnetic open-circuit 
air-gap line intersects the demagnetization curve because 
the magnet may have been subjected to a demagnetization 
force in excess of the open-circuit Air-gap condition. 

This would put the open-circuit operating point on the 
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FIGURE II 

PERMANENT MAGNET BEHAVIOR 
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Intersection of the open-circuit air-gap line and a 
recovery line whose origin is closer to H c on the 
demagnetization curve (Fig. II). A point on the recovery 
line of the permanent magnet rotor can be determined by 
measuring the open-circuit flux per pole with a fluxmeter 
and plotting this value of flux on the open-circuit air- 
gap line. 

Methods have been devised [2] to determine the open- 
circuit air-gap line for magnets which do not have a veil 
defined air gap. Scott [j] found that a definite relation 
exists between the ratio of length-to-dianeter of round 
bar magnets and the flux in the air between poles. This 
relationship la expressed by a curve of B/H versus 1/d 
(Fig. Ill) where B/H is the slop© of the open-circuit air- 
gap line, also called the '’permeance coefficient and l/d 
is the length- to-dicrae ter ratio of the bar magnet. The 
relationship holds within & fair degree of accuracy to 
magnets other than round bar magnets provided that. If the 
magnet is curved, the poles are not too close together. 

To apply Scott's bar magnet theory to the multipolar shape 
of a permanent magnet rotor, an equivalent bar magnet is 
assumed by estimating the length of the mean flux path 
between adjacent pole faces to provide tho dimension, 

1 (Fig. IV) j an equivalent diameter is established by 
assuming the pole face of the magnet has the diameter of 



a circle of the same area as the pole face [ 3 ] s 
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PERMEANCE COEFICIENT P ( P =B/H) 



FIGURE III 



PERMEANCE COEFFICIENTS 
OF 

EQUIVALENT BAR MAGNETS 




DIMENSION RATIO */<j 



FIGURE IV 



FLUX PATHS IN ROTOR 





Having assuned an equivalent l/d, enter the curve of Pig. Ill 
and determine the slope of the open-circuit air-gap line, 

B/H. This value of B/K in conjunction with the measured 
flux of the magnet establishes the open-circuit operating 
point of the permanent magnet. 

The slope of the recovery line, called the "Incremental 
permeability", can be obtained from manufacturer’s 
literature C4J, where the slop© of the recovery line is 
given in the form of a graph of Incremental permeability 
versus the flux density at point of reversal for various 
magnetic materials. Knowing that the recovery line must 
pass through the operating point on the open-circuit air- 
gap line, the slop® of the recovery line is determined. 

An estimate of the flux versus mmf characteristic for 
the permanent magnet rotor has now been established. When 
the rotor is inserted in the stator, the operating point of 
the magnet will lie on this recovery line. Pig. V shows 
this flux versus mmf characteristic. 

Determination of Stator Characteristic 

To visualise the approach used to determine the stator 
characteristic, consider the rotor Inserted in the stator. 

The lines of flux from a magnet pole will cross the air 
gap and split into two parallel paths in the stator Iron 
and close on themselves through adjacent pole faces . Leakage 
flux from the permanent magnet will also exist, but this flux 
does not appear in the stator magnetic circuit and can be 
considered separately. 
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Using an electric circuit analogy in which reluctance 

is analogous to resistance, flux to current, and 

magnetomotive force to voltage, the magnetic circuit is 

represented in Pig. VI. The effect of R, . can be 

(air gap) 

represented by an air-gap lino in the stator characteristic. 
The effect of R^ and R 2 , tk® reluctances of the stator iron 
paths which are to be saturated by the toroidal winding, 
can be analysed separately and added graphically to the 
air-gap line to obtain the overall magnetic characteristic 
of the magnetic circuit external to the rotor. Temporarily 
neglecting the air gap and leakage paths, we now have the 
analogous circuit shown in Pig. VII. It la to be 
emphasized that electric circuit analogies are for 
illustrative purposes only, and that the equations resulting 
therefrom must always require a graphical solution because 
of the non-linear nature of reluctance. 

How consider the stator, without the permanent magnet 
rotor, as a toroid with a continuous winding around it as 
shown by Pig. VIII. A direct current in the toroidal 
winding will cause a magnetomotive force between points 
a and b 

P e“ 

where R la the reluctance and F c Is the ampere turns In 
half the toroid. The electric circuit analogy my be 
represented by Pig. IX, 

If the circuit of Pig. IX were cut in half at line 
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FIGURE VI 



ELECTRIC CIRCUIT ANALOGY 




NOTE 1 R, AND R_ REPRESENT THE RELUCTANCE IN 
I 2 

EACH PATH OF THE STATOR IRON 



FIGURE VII 

ELECTRIC CIRCUIT ANALOGY OF STATOR 

AIR GAP AND LEAKAGE NEGLECTED 





d-d’ by a magnetic short-circuit, the flux in each side 
vould be unchanged: 

Half of circuit shorted: 

(1) F c - 0 X R ; 0 X - F c /R t shown in Fig. X (3) 
Both halves of circuit in series: 



The above case is not to be confused with the case of the 
curve of 0 versus H, where doubling H (amperes turns per 
inch) would give, in effect, 2F acting to produce 0, 

Having established the circuit behavior with no magnet 
inserted, we can now proceed to find the effect of adding 
the permanent magnet rotor. For simplicity of illustration, 
a two-pole magnet is used, but the sac® conclusions will be 
valid for multipolar rotors. The effects of the air gap 
and leakage are still temporarily neglected. 

The resulting electric circuit analogy is illustrated 
by Fig. XI. 

The following equations apply: 

In left half of the circuit A: 



(2) 2F C = 0 1 (2R) i 0^ F c /R as before. 



(*) 



( p c " p m> * " 4l) = R a 



(5) 



In right half of the circuit Bt 



(F c - 1 - Fja) - H b (j# x + 0^)= R b 1% 



( 6 ) 



and 
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